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A noninvasive technique for measuring the permeability of the
blood–brain barrier (BBB) to water could help to evaluate
changes in the functional integrity of the BBB that occur in
different pathologies, such as multiple sclerosis or growth of
brain tumor. Recently, Schwarzbauer et al. (Magn Reson Med
1997;37:769–777) proposed an MR method to measure this per-
meability based on the T1 reductions induced by injecting var-
ious doses of paramagnetic contrast agent. However, this
method may be difficult to implement in a clinical environment.
Described here is a two-point technique, in which a spatially
selective inversion is used to measure T1 prior to and after
injection of an intravascular contrast agent. Measurements
made in the rat brain are compared to numerical simulations
generated with a physiological model that accounts for blood
flow and includes two different blood volumes: nonexchanging
and exchanging blood volumes. Our results suggest that BBB
permeability could be evaluated from the change in T1 caused
by the vascular contrast agent. This technique might provide an
approach for monitoring changes in BBB permeability to water
in clinical studies. Magn Reson Med 47:1100–1109, 2002.
© 2002 Wiley-Liss, Inc.
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The blood–brain barrier (BBB) permeability is a valuable
physiological parameter for characterizing the develop-
ment of brain pathologies such as tumors (1–3), multiple
sclerosis lesions (4), or stroke (5). Tofts and Kermode (1)
first demonstrated that BBB permeability to molecules like
gadopentetate dimeglumine could be measured with MRI.
Recently, it has been observed that, in the context of brain
tumors (6) or brain edema (7), earlier opening of the BBB
could be detected with smaller molecules. These results
suggest that the characterization of BBB permeability to
molecules like gadopentetate dimeglumine (molecular
weight: 938 g/mol) may not reveal early changes in the
state of the BBB. Earlier changes of the BBB functional
integrity could be characterized by measuring BBB perme-
ability to smaller molecules, such as water (molecular

weight: 18 g/mol) (8). Recently, Schwarzbauer et al. (9)
proposed a new MRI method to measure the permeability
of the BBB to water. This very efficient method is based on
the measurement of the T1 reduction of brain water as a
function of the injected dose of contrast agent.

In a clinical environment, multiple injections of a con-
trast agent may be problematic as the maximum dose can
be quickly reached and multiple T1 measurements may be
difficult to achieve within the time frame of a clinical
exam. Interestingly, blood volume maps can be produced
with a two-point technique using an iron oxide contrast
agent (10). Therefore, it would be of interest to have a
two-point method for estimating BBB permeability as well.
Moreover, to suppress the effects of blood flow on the T1

measurement, Schwarzbauer et al. (9) used a nonselective
inversion. However, achieving repeated nonselective in-
versions in clinical applications is limited by RF deposi-
tion, especially at high magnetic fields. It would therefore
be of interest to develop a method that does not require
nonselective inversion for the T1 measurement and can be
performed quickly so that it could be more readily used in
clinical studies.

In this work, we present a method in which T1 measure-
ments obtained in the absence and in the presence of a
vascular contrast agent are compared. This two-point tech-
nique also uses a spatially selective inversion. Conse-
quently, the model used in the data analysis accounts for
the effect of blood flow on T1, for flow-related changes in
the apparent T1 are the basis of arterial spin labeling tech-
niques (11,12) and are also used in MR angiography (13).
In the model proposed by Schwarzbauer et al., the entire
blood volume is assumed to exchange with the tissue. The
model proposed here also accounts for the limited fraction
of the blood volume that exchanges water with the sur-
rounding tissue (14). This approach suggests that with a
two-point acquisition scheme and an appropriate model of
analysis, the permeability – surface area product (PS) for
water exchange across the BBB can be estimated.

MATERIALS AND METHODS
Animal Preparation

Six male Sprague-Dawley rats (256 � 26 g) were anesthe-
tized using 5% isoflurane in air enriched with 40% O2.
The isoflurane concentration was reduced to 2.5% during
surgery. A femoral vein and a femoral artery were both
catheterized. The vein was used to inject the contrast agent
and the artery to collect blood samples. After surgery, the
isoflurane concentration was reduced to 1.5% and rats were
placed on a thermostated water pad. Body temperature was
monitored during the experiment using a rectal probe.
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During the entire experiment, three blood samples
(0.2 ml each) were withdrawn for blood gas analysis to
ensure that the animal was normocapnic and physiologi-
cally stable. Animals were sacrificed by an IA injection of
chloralhydrate.

Contrast Agent

The contrast agent, Sinerem� (Guerbet Laboratories,
Aulnay-Sous-Bois, France), is composed of ultrasmall su-
perparamagnetic iron particles coated with dextran;
200 �mol of iron per kilogram of body weight (i.e., �11.2
mg/kg) were injected IV. At this dose, the half-life of Si-
nerem� is about 4.5 hr (15).

MR Imaging Methods

Experiments were conducted on a 7 T magnet with ac-
tively shielded gradients (12 cm inner diameter, capable of
210 mT.cm-1) controlled by an SMIS console. A surface
coil (2.5 cm diameter single loop) for both excitation and
reception of the MR signal was placed on the top of the
rat’s head.

A 2-mm thick coronal slice was imaged with a field of
view of 40 � 40 mm2 using a FLASH sequence (TE/TR �
2.4/4.2 ms, flip angle � 5°, matrix 64 � 64) (16). Imaging
was preceded by an inversion-recovery preparation period
using an adiabatic 180° pulse and 19 inversion delays (TI)
in random order (10500, 28, 1926, 53, 104, 77, 241, 64, 137,
180, 89, 1466, 157, 345, 8477, 3684, 1109, 794, and
2575 ms). Because the adiabatic inversion pulse was ap-
plied with a surface coil, only a limited region of brain
tissue was inverted (�1.5 cm thick, data not shown), yield-
ing a spatially selective inversion. The repetition time was
11.0 sec and the entire sequence was repeated six times for
averaging purposes (duration � 20 min). Moreover, a flow-
weighted gradient-echo image of the same slice was ac-
quired (TE/TR � 4/60 ms, flip angle � 90°, matrix 256 �
256, eight averages). Inversion-recovery and gradient-echo
imaging were performed prior to and after contrast agent
injection. The entire sequence of TI was repeated 17 times
after injection of contrast agent to compensate for possible
loss of signal due to local susceptibility effects (duration �
59 min).

Image Analysis

Data were processed using Matlab (MathWorks, Natick,
MA). Images from the FLASH sequence were interpolated
by zero-filling to a 256 � 256 matrix. Images acquired at
the same TIs were averaged together and the inversion
recovery signals, S, were fitted on a voxel-by-voxel basis to

S�TI� � �M0�1 � 2C exp��TI/T1,voxel���, [1]

where M0, C, and T1,voxel were the fitted parameters. C was
included to account for imperfect inversion pulses. For
each of the six rats, the brain T1 was measured by manu-
ally drawing a region of interest (ROI) on the cortex.

Blood T1 and T*2

Prior to the start of the experiment, a 0.5 ml arterial blood
sample was collected in a heparinized tube that was

placed on the top of the rat’s head. For each of the six rats,
the blood T1 in the absence of contrast agent was measured
in an ROI located on the blood sample. However, the blood
T1 measurement was only based on the first repetition of
the inversion-recovery time course to avoid the effects of
blood cells separating from plasma and of the blood cool-
ing.

For two rats, a 0.5 ml arterial blood sample was with-
drawn at the end of the experiment in order to measure
blood T1 and T2 in the presence of contrast agent. A
saturation recovery experiment was performed on the
blood sample with the same surface coil as for imaging but
using hard 90° pulses (100 �s duration). The 20 delays
between successive 90° pulses ranged between 25 �s and
800 ms. Assuming a good magnetic field homogeneity
within the blood sample, the blood T*2 in the presence of
contrast agent was obtained from the fit of the FID with a
monoexponential decay.

Simulation of the Physiological Model

A modified version of the model proposed by Schwarz-
bauer et al. (9) was used to model blood and tissue longi-
tudinal relaxations, accounting for blood inflow and water
exchange. This model, illustrated by Fig. 1, is further de-
scribed in the Appendix (17). The evolution of both tissue
and blood magnetizations were considered as a function of
time and position (Eq. [A1]). Moreover, the blood volume
was divided into three compartments: artery, capillary,
and vein. Water exchange only occurred between capillar-
ies and tissue, but not between artery and tissue or vein
and tissue (Fig. 1).

In order to generate theoretical T1 data for blood, tissue,
and the total voxel compartments, the inversion-recovery
was simulated using Matlab (MathWorks). The inversion
was assumed to be selective, since the blood transit times
from the edge of the inverted region to the edge of the
imaged slice can be considered very small (	�150 ms,

FIG. 1. Physiological model. The voxel contains blood and tissue
separated by the blood–brain barrier (BBB), represented as a dot-
ted, thick gray line. Blood flows into the voxel through arterioles and
flows out of the voxel through venules. In arteries and in veins there
is no exchange of water between blood and tissue. The tissue
compartment is therefore only represented around the capillary
compartment.
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(18)). Figure 2 shows an example of the evolution of the
blood magnetization in both the spatial and temporal di-
mensions. After inversion (t � 0), the blood magnetization
is �Mb

0 in the three compartments (artery, capillary, and
vein). The effect of blood flow (arrival of uninverted mag-

netization), T1 relaxation, and exchange of water between
the blood and tissue compartments are taken into account,
as described by Eq. [A1]. The time courses of blood and
tissue signals were subsequently obtained from numerical
integration of the magnetizations over the spatial dimen-
sion (Eq. [A2]). Figure 3 shows an example of the blood
and tissue magnetizations obtained by such an integration.
Additionally, the recovery of static, nonexchanging, blood
magnetization is also presented in the figure. Finally, the
apparent blood and voxel (i.e., blood 
 tissue) T1 were
obtained from a least-squares fit of the signal recovery to
Eq. [1]. The series of inversion times, TI, used in the
simulation was the same as that used in the experiments.
Simulations were conducted for a blood flow of 140 ml /
100 g/min and three total blood volume fractions, Vb, of
3.0, 3.5, and 4.0% (fractions subsequently noted as Vb �
3.5@0.5%) in order to evaluate the sensitivity of the model
to the blood volume (19). According to the central volume
principle (20), these values yielded a mean transit time of
1.5@0.2 sec (i.e., 1.3, 1.5, and 1.7 sec, respectively, for the
three different values of Vb). The arterial blood volume
fraction was assumed to be 25% of the total blood volume
(21,22), the capillary blood volume fraction 40% of the
total blood volume (14), and the venous blood volume
fraction was the remaining 35% of the total blood volume.

Simulations were performed for the conditions of con-
trast agent absent and present in the vasculature. The
tissue T1 was 1.84 sec; the blood T1 was 2.3 sec in the
absence of contrast agent and 0.18 sec in the presence of
contrast agent (values measured at 7 T, see the Results
section). The two effects of the contrast agent on blood
relaxivity were accounted for as follows: to account for the
short blood T2 in the presence of contrast agent, the blood
contribution in Eq. [A2] was set to zero and to account for
the blood T1 reduction, the blood T1 measured in the
presence of contrast was used in the simulations.

RESULTS

All results are expressed as mean � standard deviation.

Blood Signal

In the absence of contrast agent, the measured blood T1

was 2304 � 108 ms. The values of blood T1 and T*2 in the
presence of contrast agent were 177 � 4 ms and 0.85 �
0.08 ms, respectively. Since the blood samples were with-

FIG. 2. Evolution of the blood magnetization in the spatial and
temporal directions. Subfigures represent the blood magnetization
across the spatial dimension at increasing times after the inversion
pulse. The shaded area delineates the capillary compartment, sur-
rounded by the arterial and venous compartments. The blood flow
induces a constant arrival of fresh uninverted magnetization. Simul-
taneously, the blood magnetization relaxes, according to its T1. This
effect can be most clearly seen in the venous compartment. Finally,
in the capillary compartment the exchange of water between blood
and tissue is also taken into account. The parameters used for this
simulation are: f � 160 ml / 100 g/min, PS � 160 ml / 100 g/min,
T1t � 1.84 sec, T1b � 2.3 sec, total blood volume fraction � 3.5%,
Va:Vc:Vv � 25:40:35, � � 90 ml/ 100 g.
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drawn at the end of the experiment and thus after some
clearance of the contrast agent, these T1 and T*2 values
could be overestimated. In the absence of contrast agent
and at 7.0 T, Brooks et al. (23) reported blood T*2 values
between 2.7 and 10.6 ms, and Ogawa et al. (24,25) blood
T*2 values between 4 and 50 ms, depending on the oxygen-
ation level and the hematocrit fraction. Therefore, even
accounting for the contrast agent clearance and consider-
ing the FLASH sequence echo time (2.4 ms), this implies

that less than 9% of the original blood signal contributed
to the MR signal after contrast agent injection. The esti-
mated reduction of contrast agent concentration at the end
of the data acquisition can be estimated around 20%. This
implies that there is a slight difference between the con-
ditions in which the T1 maps were acquired (17 averages
over 1 hr) and the blood T1, measured at the end of the
experiment (i.e., 1 hr after injection).

Figure 4a,b shows the gradient echo images of the rat
brain obtained before and after injection of contrast agent.
Due to inflow effects, the blood vessels are clearly visible
before injection. In contrast, the blood vessels are no
longer visible after injection (Fig. 4b), such as the sinus
vein. Considering the echo time of the flow-weighted, gra-
dient-echo, sequence (4 ms), this is in good agreement
with the blood T*2 measured in the presence of contrast
agent.

T1 Mapping

Figure 5a,b shows the T1 maps obtained before and after
injection of the contrast agent. The only readily visible
reduction in T1 occurred in the temporal muscle. Figure 5c
represents (T1,before � T1,after)/T1,before. A decrease in voxel
T1 can be observed throughout the brain, except in a few
small regions located below the cortex, as indicated by the
arrows in Fig. 5c. The regions where the voxel T1 in-
creased were observed in all six rats and their extent
(before zero-filling) did not exceed 1 or 2 contiguous vox-
els (�0.6 � 1.2 � 2.0 mm3). Figure 5d shows an angiogram
obtained by subtracting the image in Fig. 4b from the
image in Fig. 4a. Blood vessels and regions with a high
blood volume appear in white.

For all the animals, the brain cortex T1 was 1773 �
67 ms before injection of contrast agent and 1709 � 39 ms
after injection of contrast agent. The reduction in the brain
cortex T1 was 3.6 � 1.6%, which was statistically signifi-
cant (paired t-test, P 	 0.01).

Figure 6 shows the time courses of two voxels in the
imaging slice. The values of the parameters obtained by
fitting Eq. [1] to the data points are presented in Table 1.
Figure 6a shows a voxel taken in the cortex; an �6%
reduction of its T1 and a �9% reduction of M0 can be
observed. The M0 reduction is due to both the dramatic
decrease of the blood T*2 and the susceptibility effect in the
tissue. Figure 6b shows the time course of a voxel in which
the T1 increased by about 14% after injection of contrast
agent. Note also that M0 for this voxel is barely reduced in
presence of contrast agent. This lack of an effect on M0

suggests that the blood volume in the voxel is small.

Simulations Based on the Physiological Model

Figure 7 shows the apparent voxel T1 obtained from nu-
merical simulations of the physiological model. Figure 7a
shows simulations of the apparent voxel T1 as a function
of the PS product in the absence and presence of contrast
agent in the vasculature. For low BBB permeabilities to
water (PS 	 �140 ml / 100 g/min), the simulation predicts
that the apparent voxel T1 after injection of contrast agent
will be larger than the apparent voxel T1 prior to the
injection of contrast agent. This could correspond to the

FIG. 3. Blood and tissue magnetization obtained by the integration
over the spatial dimension (cf. Fig. 2) of the magnetizations com-
puted with Eq. [A1] and static, unexchanging, blood monoexponen-
tial longitudinal relaxation (Eq. [1]). a: The static blood T1 is 2.3 sec
and its relaxation is represented by the dotted line. Note that the
behavior of the intravascular magnetization is not exponential. b:
The static blood T1 is now 0.18 sec and its relaxation is represented
by the dotted line. The behavior of the intravascular magnetization,
as a simulation by the physiological model, is close to the static
blood monoexponential relaxation. The parameters used for this
simulation, except for the indicated blood T1, are the same as that
used in Fig. 2.
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FIG. 4. Coronal, flow-weighted, gradi-
ent-echo images at 7 T of the rat brain in
absence (a) and in the presence (b) of
contrast agent. In a field of view of
40 mm, the in-plane resolution is 155 �
155 �m2 and the slice thickness is 2 mm.
In b, one can observe that the blood
signal has totally disappeared in arteries
as in veins.

FIG. 5. Coronal maps computed from the data acquired on a single rat at 7 T. T1 maps of the rat brain obtained before (a) and after (b)
injection of a high dose of an intravascular contrast agent. c: Relative change in T1 due to contrast agent injection [(image a)�(image
b)]/(image a)*100. White (negative values) represents a decrease in T1. d: Difference between angiograms acquired before and after injection
of contrast agent, computed as in c. Because of the blood T*2 reduction in presence of contrast agent, the blood vessels appear in white.
For maps a–c, the field of view is 40 mm; acquisition in-plane resolution is 625 � 625 �m2 and the slice thickness 2 mm (after zero-filling,
the in-plane resolution is 155 � 155 �m2). For map d, the field of view is 40 mm; acquisition in-plane resolution: 155 � 155 �m2; slice
thickness 2 mm.
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data presented in Fig. 6b (�T1  0). For PS product values
larger than �140 ml / 100 g/min, the apparent voxel T1

decreases after contrast agent injection, which could cor-
respond to the data presented in Fig. 6a (�T1 	 0). In Fig.
7a it can also be seen that, in the absence of contrast agent,
the apparent voxel T1 is also relatively insensitive to the
BBB water permeability. After contrast agent injection,
there is a clear dependence of the apparent voxel T1 on the
PS product. In Fig. 7a the dotted lines represents the effect

on T1 of a change in the total blood volume fraction used
in the simulation (3 or 4% instead of 3.5%). From the
width defined by these lines it can be seen that the appar-
ent voxel T1 is more sensitive to the total blood volume
after contrast agent injection.

FIG. 6. Inversion recovery time courses of two different voxels from
a coronal slice of the rat head at 7 T. Filled triangles and open
diamonds represent data acquired before and after, respectively,
injection of contrast agent. Lines associated with the triangles and
diamonds represent fits performed with Eq. [1], which yield the
parameter values presented in Table 1. Note that data and fits are in
excellent agreement in all four graphs, both before and after injec-
tion.

Table 1
Parameter Values*

Before injection After injection

Voxel T1(ms) M0 (a.u.) C Voxel T1(ms) M0 (a.u.) C

Fig. 6a 1839 2313 0.949 1722 2110 0.943
Fig. 6b 1919 1201 0.930 2191 1186 0.942

*Corresponding to the fit by Eq. [1] of the data presented in Fig. 6a and 6b and obtained in the absence and in the presence of contrast
agent in the vasculature, from two different voxels located in the rat brain.

FIG. 7. Apparent voxel T1 obtained by numerical simulations, before
and after injection of a superparamagnetic contrast agent. a: Ap-
parent voxel T1 as a function of the BBB permeability–surface area
product to water, for a blood flow of 140 ml / 100 g/min. b: Apparent
voxel T1 as a function of blood flow, for PS � 350 ml / 100 g/min.
�T1 represents the difference (T1 after contrast agent – T1 before
contrast agent). Note that �T1 can be either negative or positive.
The following parameters were used for the numerical simulations
represented in a and b: T1t � 1.84 sec; T1b � 2.30 sec before
contrast agent and T1b � 0.18 sec after contrast agent; Va:Vc:Vv �
25:40:35. Vb � 3.5@0.5% (i.e., the simulations were conducted
three times, for three different blood volume values). Filled squares
represent T1 before contrast agent and open squares T1 when the
contrast agent is present in the vasculature for a total blood volume
fraction of 3.5%. The dotted lines represent the voxel T1 computed
for total blood volume fractions of 3% and 4%, so as to indicate the
influence of the blood volume fraction on the estimated parameters.
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Figure 7b shows simulations of the apparent voxel T1 as
a function of blood flow, with PS � 350 ml / 100 g/min (9).
As blood flow increases, the apparent voxel T1 in absence
of contrast agent decreases. In the presence of contrast
agent, the apparent voxel T1 is not very sensitive to the
value of the blood flow. Note that the quasilinear decay of
the apparent voxel T1 with blood flow is also predicted by
the arterial spin-labeling model (11). Finally, Fig. 7b also
shows that, depending on blood flow, the change in ap-
parent voxel T1 induced by the presence of contrast agent
in the vasculature can either be positive (�T1  0) or
negative (�T1 	 0).

Simulations Based on the Physiological Model and Using
the Measured Voxel T1s as a Constraint

Numerical simulations using the physiological model are
now performed under the constraint that the simulated
voxel T1s match the measured voxel T1s, both before and
after injection of contrast agent. These constrained simu-
lations yielded an estimation of the BBB permeability to
water and of the tissue T1. Different blood volume frac-
tions for artery, capillary, and vein were used as well as
different blood flow values in order to estimate the influ-
ence of the choice of the physiological parameters on the
outcome of the constrained simulation. The results of this
approach are presented in Fig. 8.

Figure 8a shows the values obtained for BBB permeabil-
ity as a function of the estimated blood flow for a total
blood volume fraction of 3.5%. For example, if a blood
flow of 140 ml / 100 g/min was assumed, and if Va:Vc:Vv �
25:40:35 (Fig. 8, black triangles), the simulation of our
physiological model under constraint yielded a permeabil-
ity – surface area product of �407 ml / 100 g/min and an
apparent voxel T1 of �1.83 sec (this corresponds to the
black lines plotted in Fig. 8a,b). It can be seen that the
larger the capillary compartment, the lower the permeabil-
ity, which is in good agreement with the fact that a con-
stant extraction fraction is required to produced the
change in the voxel T1 that we observed. For example, if
all the blood is constrained as being in the capillary (black
squares) and assuming a blood flow of 140 ml / 100 g/min,
the estimated PS product for the measured voxel T1 drops
to �320 ml / 100 g/min. On the contrary, when all the
blood is constrained to be in the capillary compartment
and assuming again a blood flow of 140 ml / 100 g/min, the
estimated tissue T1 slightly increases from 1.83 sec to
1.84 sec (Fig. 8b).

DISCUSSION AND CONCLUSION

The characterization of BBB permeability to small mole-
cules, like water, may reveal early changes of the BBB state
associated with various pathologies like tumor growth or
multiple sclerosis (1–4). To measure BBB permeability to
water in vivo a two-point acquisition scheme and a phys-
iological model of analysis are proposed. The comparison
of T1 measurements made at 7 T on the rat brain in the
presence and absence of contrast agent in the vasculature
demonstrates a small reduction in the apparent voxel T1 in
most of the brain regions except for an increase in the
apparent voxel T1 in a few voxels of the brain. The phys-

iological model, in which blood flow effects are accounted
for, yields numerical simulations in good agreement with
these observations and could be used to evaluate BBB
permeability to water.

Blood Inflow Effects

The increase in apparent voxel T1 after contrast agent
injection was observed in multiple locations in all six
animals. Care was taken to accurately measure T1 (19 TIs

FIG. 8. Constrained simulations of the physiological model: effect
of the choice of blood volume fractions and of perfusion. In this
figure the model is simulated but with the additional constraint that
the predicted voxel T1s (before and after injection of contrast agent)
match the measured T1s. Different blood volume fractions, as indi-
cated in the captions (respectively, arteriolar, capillary, and venular)
have been considered. The black triangles correspond to the choice
of fractions used in Fig. 5 (i.e., Va:Vc:Vv � 25:40:35). The black
squares correspond to an entirely exchangeable blood compart-
ment (i.e., Va:Vc:Vv � 0:100:0), where no arteriolar or venular volume
are taken into account. Permeability � Surface Area (a) and the
tissue T1 (b) are presented as a function of the tissue blood flow,
since flow is also an unknown. For example, if the blood flow is
140 ml / 100 g/min and Va:Vc:Vv � 25:40:35, it can be derived from
our data that the Permeability � Surface Area product is 407 ml /
100 g/min and the tissue T1 was 1.84 sec, as represented by the
black lines in a and b.
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in random order, six averages before contrast agent injec-
tion and 17 averages after). Moreover, numerical simula-
tions, which included the effects of blood flow and limited
water exchange, demonstrated that the apparent voxel T1

could increase after the contrast agent was injected. The
basis for the observed increase in the apparent voxel T1

(�T1  0) is likely due to a low PS product (Fig. 7a) or a
low blood flow (Fig. 7b).

This counterintuitive increase in the apparent voxel T1

after contrast agent injection is important to consider in
detail. Numerical simulations showed that, prior to con-
trast agent injection and for the case of a spatially selective
inversion pulse, the apparent blood longitudinal relax-
ation occurs faster than the longitudinal relaxation of
static blood magnetization (Fig. 3a). The inflow of blood
magnetization at equilibrium causes blood magnetization
to appear to relax faster than expected from T1 relaxation
alone: with the blood volume and blood flow values used
in the numerical simulation, blood flow fills the blood
compartment with blood magnetization at equilibrium in
about 1.5 sec. This same inflow effect is no longer visible
when contrast agent is present in the vasculature (Fig. 3b),
since in the presence of contrast agent the true longitudi-
nal relaxation occurs before blood flow has filled the voxel
with fully relaxed magnetization. On the contrary, the
blood magnetization longitudinal relaxation is slowed by
the effect of water exchange between blood and tissue.
This effect can be seen in Fig. 2, where, in the capillary
compartment, the blood magnetization reduces as the rel-
ative volume across the vasculature increases.

The sensitivity of the apparent voxel T1 to the blood
volume fraction is low (Fig. 7.) most certainly because the
blood volume represents only a small fraction of the voxel
volume. However, in the presence of contrast agent and for
high PS product values, i.e., when water molecules in the
tissue compartment can access the contrast agent mole-
cules more easily, or for high blood flow values, the sen-
sitivity of the voxel T1 to the blood volume fraction in-
creases (cf. Fig. 7a, 7b). However, from the analysis of the
numerical simulations it appears that blood inflow signif-
icantly affects the observed voxel T1. It can therefore be
assessed that the voxel T1 is mainly sensitive to blood
velocity, since small blood volume changes appear to have
a minor influence on the voxel T1 for PS values lower than
400 ml / 100 g/min (cf. Fig. 7a, 7b). This implies that blood
flow and blood volume should also be mapped in order to
generate accurate PS product maps with the method pro-
posed here.

Computation of the BBB Permeability Surface Area
Product

Using our modified version of the Schwarzbauer physio-
logical model, the tissue T1 and the PS product of the BBB
that yield the measured voxel T1s (in the absence and
presence of contrast agent in the vasculature) were esti-
mated using a constrained simulation (see the Results sec-
tion). Assuming a blood flow of 140 ml / 100 g/min, a total
blood volume fraction of 3.5%, and blood volume propor-
tions of Va:Vc:Vv � 25:40:35, the simulation yielded a
tissue T1 of �1.83 sec and a PS value of �407 ml /
100 g/min. According to Crone’s equation (26), this per-

meability yields an extraction fraction of �95%, which is
in good agreement with arterial spin labeling-based mea-
surements in the rat brain under normocapnia (27). The
analysis of the influence of the estimated physiological
values, chosen as input in these constrained simulations,
on the PS product estimation (Fig. 8) shows that, if one
assumes that the entire blood compartment exchanges wa-
ter with the surrounding tissue, the PS product can be
underestimated (e.g., compare black square with black tri-
angles in Fig. 8a). If the entire blood compartment is as-
sumed to exchange with the tissue and if blood flow is
assumed to be 140 ml / 100 g/min, then the optimization
routine generates the same value for the PS product as the
one obtained by Schwarzbauer et al. in the brain cortex
(331@20 ml / 100 g/min) (9). However, if one used a model
in which blood flow effects are not accounted for to ana-
lyze the data obtained in this study, it would yield a PS
value of �90 ml / 100 g/min (considering the model pro-
posed by Schwarzbauer et al. and a total blood volume
fraction of 3.5%). This underlines the importance of using
a model that accounts for blood flow with the experimen-
tal scheme proposed here.

In summary, the model proposed here suggests that it is
possible to measure the water permeability – surface area
product of the BBB by comparing T1 measurements made
in the absence and presence of contrast agent in the vas-
culature. As this technique only requires two T1 measure-
ments and a single injection of contrast agent, it is well
adapted for clinical studies. Using a spatially selective
inversion, the effects of blood flow on the observed T1 are
sizable, as demonstrated using numerical simulations. To
determine the PS product with the proposed two-point
method it is necessary to know the CBF and CBV. As an
initial test of the feasibility of this method, experiments
were conducted on a rat model where CBF and CBV are
well known. Blood flow could be mapped prior to contrast
agent using an arterial spin-labeling technique (28); blood
volume could be mapped with a static technique in which
the T*2 reduction induced by the USPIO injection yields
the blood volume (15). Finally, since the model used here
accounts for blood volumes (exchanging and nonexchang-
ing), blood flow, and BBB permeability, it can also be used
to analyze either arterial spin-labeling-based or contrast
agent-based measurements, such as the blood volume mea-
surement based on a T1 change (29).

ACKNOWLEDGMENTS

The authors thank Guerbet Laboratories (Aulnay-sous-
Bois, France) for supplying Sinerem� and Chantal Rémy,
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APPENDIX

The physiological system, presented in Fig. 1, is fully
described by the following parameters:

Vt, tissue volume;
Va, arterial blood volume;
Vc, capillary (exchanging) blood volume (26,30);
Vv, venous blood volume;
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f, blood flow through the voxel;
PS, (blood–brain barrier permeability to water) � (capil-
lary surface area).

One can now define some other characteristics of the
system that depend on the previously defined physiologi-
cal parameters:

Vb � Va 
 Vc 
 Vv, total blood volume;
V, volume of a segment within the vasculature, from the
voxel entrance (0 � V � Vb);
kt � PS/Vt, exchange time constant from tissue to blood
(capillary);
kb � PS/Vc, exchange time constant from blood (capillary)
to tissue.

The relevant associated MR parameters are:

Mt(V,t), tissue magnetization exchanging with blood at
volume V and at time t;
Mt

0, equilibrium value of the tissue magnetization;
Mb(V,t), blood magnetization, as a function of V and time;
Mb

0, equilibrium value of the blood magnetization;
T1t, longitudinal relaxation time constant of tissue;
T1b, longitudinal relaxation time constant of blood.

The evolution of magnetization in blood and tissue com-
partments after an RF pulse is described by:

In arterioles, 0 	 V � Va:

�Mb�V, t�
�t

�
Mb

0 � Mb�V, t�
T1b

� f
�Mb�V, t�

�V
[A1a]

In capillaries, Va 	 V � Va 
 Vc:

�Mt�V, t�
�t

�
Mt

0 � Mt�V, t�
T1t

� kbMb�V, t� � ktMt�V, t� [A1b]

�Mb�V, t�
�t

�
Mb

0 � Mb�V, t�
T1b

� f
�Mb�V, t�

�V

� kbMb�V, t� � ktMt�V, t� [A1c]

In venules, Va 
 Vc 	 V � Va 
 Vc 
 Vv:

�Mb�V, t�
�t

�
Mb

0 � Mb�V, t�
T1b

� f
�Mb�V, t�

�V
[A1d]

where Mb(0,t) is the arterial input function to the voxel.
The MR signal arising from the entire voxel (tissue 

blood), S(t), can be computed by:

S�t� �
Vt

Vc ��
Va

Va�Vc

Mt�V, t� dV� � ��
0

Vb

Mb�V, t� dV�. [A2]
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